The development of computational approaches for modeling the spatiotemporal dynamics of intracellular, small molecule drug concentrations has become an increasingly important area of pharmaceutical research. For systems pharmacology, the system dynamics of subcellular transport can be coupled to downstream pharmacological effects on biochemical pathways that impact cell structure and function. Here, we demonstrate how a widely used systems biology modeling package − Virtual Cell − can also be used to model the intracellular, passive transport pathways of small druglike molecules. Using differential equations to represent passive drug transport across cellular membranes, spatiotemporal changes in the intracellular distribution and concentrations of exogenous chemical agents in specific subcellular organelles were simulated for weakly acidic, neutral, and basic molecules, as a function of the molecules' lipophilicity and ionization potentials. In addition, we simulated the transport properties of small molecule chemical agents in the presence of a homogenous extracellular concentration or a transcellular concentration gradient. We also simulated the effects of cell typedependent variations in the intracellular microenvironments on the distribution and accumulation of small molecule chemical agents in different organelles over time, under influx and efflux conditions. Lastly, we simulated the transcellular transport of small molecule chemical agents, in the presence of different apical and basolateral microenvironments. By incorporating existing models of drug permeation and subcellular distribution, our results indicate that Virtual Cell can provide a user-friendly, open, online computational modeling platform for systems pharmacology and biopharmaceutics research, making mathematical models and simulation results accessible to a broad community of users, without requiring advanced computer programming knowledge.
Introduction
Over the past decade, computational modeling approaches for predicting the absorption, distribution, metabolism, excretion and toxicity (ADMET) properties of exogenous small molecule chemical agents from cells to tissues to organisms have been increasingly used to facilitate drug development [1] [2] [3] . For preclinical testing of drug leads, computational models have been used to analyze and interpret the results of in vitro and in vivo experiments, and to help predict the efficacy and safety of candidate compounds. For drug design, the ability to model and simulate the pharmacokinetics and pharmacodynamics of small drug-like molecules at a cellular level has also raised considerable interest because the transport of drug molecules by cells can lead to specific and nonspecific effects on cell structure and function. At a microscopic level, cellular drug disposition and action depend on the interactions of drug molecules with specific macromolecular targets localized in specific subcellular compartments [4] . Variations in local, subcellular microenvironments can influence the accumulation of drug molecules in different organelles, and this can lead both intended and unintended effects on biochemical reactions that take place in those organelles [5, 6] . Furthermore, modeling small molecule transport at a cellular level has been used to obtain insights into drug absorption, as well as the other higher order drug ADMET properties, before drug candidates are tested in human patients [3] .
While the interactions of drug molecules with isolated macromolecular receptors or enzymes have been the traditional subject of pharmacological research studies, "systems pharmacology" is an emergent field of study that aims to understand the spatiotemporal dynamics of drug activity and toxicity in a more complex physiological context. Therefore, in systems pharmacology research, the transport and disposition of exogenous chemical agents inside cells needs to be studied together with the site-specific pharmacological effects of these agents on endogenous macromolecular targets affecting biochemical pathways in specific organelles. To advance systems pharmacology, a general, flexible and adaptable computational modeling platform is now needed, to integrate effects of the cellular microenvironment on the transport or disposition of exogenous chemical agents within living cells, and then to assess the downstream effects of local drug concentrations on endogenous biochemical reaction networks. Certainly, drug transport across cellular membranes can be affected by differences in pH, membrane electrical potential, nonspecific sorption to membranes and other components, as well as the presence of unidirectional active drug transport mechanisms and drug metabolizing enzymes localized in specific subcellular compartments. With this vision in mind, we sought to identify a computational tool that would allow modeling the effect of the cellular microenvironment on drug transport and disposition inside cells, while also allowing pharmacologists and pharmaceutical scientists to share, adapt and combine existing systems biology and cellular pharmacokinetics models, without demanding extensive computer programming skills. In addition, we also looked for an open, online computational modeling platform that would help design, interpret and share experimental results.
Searching through existing software packages, our attention focused on Virtual Cell (http://vcell.org), a software tool especially designed to facilitate systems biology and biophysics research [7] [8] [9] . Virtual Cell can be used to write and solve differential equations that capture changes in concentrations of biochemical reactants and products inside cells, using a menu-driven, object-oriented graphical user interface. This software tool has been built by the National Resource for Cell Analysis and Modeling (NRCAM, University of Connecticut Health Center) to provide systems biologists with an open computational platform to model reaction-diffusion mechanisms in individual cells in order to simulate and analyze biochemical reactions and dynamics of cellular processes [9] [10] [11] [12] . For example, Virtual Cell can be used to model fluctuations in subcellular concentrations of signal transduction intermediaries, such as spikes and oscillations in intracellular calcium concentrations, protein phosphorylation, and electrical conductance changes of the plasma membrane such as those responsible for the transmission of nerve impulses, long term potentiation, and other neurophysiological phenomena [7, 9, 11, 12] . Virtual Cell was designed to facilitate quantitative analysis of biochemical reaction networks underlying cellular phenotypes including the establishment of cell polarity, cell motility, chemotaxis, and subcellular morphogenetic events such as spindle assembly or growth cone guidance [11] . For solving differential equations, as well as storing and sharing models, Virtual Cell provides free, remote solvers and storage servers available to a worldwide community of users working from personal computers. Accordingly, we proceeded to test whether Virtual Cell could also serve as a computational framework for cellular pharmacokinetic modeling [13, 14] , to provide a flexible, adaptable platform for systems pharmacology research.
Methods

Program
Instructions to access and install Virtual Cell can be found at http://vcell.org, and it is free of charge. To demonstrate software performance, we captured screen shots from the software, and labeled these screen shots with bigger fonts, to make the fonts visible in the figures shown in the manuscript. Java-based modular interface on the user's personal computer allows the modeler to be consistent throughout the process of inputting model parameters and descriptors, such as reaction equations or geometric dimensions. Readers can access Virtual Cell and run the models described in this article. 
Creating and defining cellular compartments in Virtual Cell
Virtual Cell consists of four modular components: Physiology, Reaction, Geometry, and Simulations. For modeling, we considered two different kinds of simulation conditions: cells in suspension (such as lymphocytes in culture) surrounded by a homogeneous concentration gradient ( Figure 1A , suspension model) and attached cells on tissue culture membrane (such as an epithelial cell cultured on Transwell ® Inserts) in the presence of a transcellular concentration gradient ( Figure 1B , transcellular model). To create a compartmental cellular pharmacokinetic models in Virtual Cell, the first step was to describe the Physiology of the membrane bound compartments of interest, and the Reaction of different molecular and functional species corresponding to the small molecule chemical agents whose transport kinetics were being modeled. To do this, a new BioModel was created in the user account. Next, a Physiology was constructed with drug molecules in each compartment i (Drug_i), to represent the conceptual layout and contents. A Reaction was added for each individual molecular species (reactants and products) defined as a flux carrier, for both suspension model ( Figure 1C ) and transcellular model ( Figure 1D ). For modeling drug transport in a suspended cell, a generic cell was then drawn, comprised of three nested, concentric compartments. The outermost compartment (labeled "Outside") corresponded to the extracellular medium. The middle compartment (labeled "Cytoplasm") corresponded to the cytoplasm compartment of the cell, separated from the Outside by the plasmalemma membrane. The innermost compartment corresponded to a subcellular organelle compartment (labeled "Mitochondria"), separated from the Cytoplasm by the mitochondrial membrane. Accordingly, when drug was applied to the Outside (Drug_O), molecules diffused across the membrane barrier into Cytoplasm (Drug_C). Subsequently, Drug_C was linked to Drug_M in mitochondria, to represent molecules diffusing from the cytosol, across the mitochondrial membrane and into this specific organelle compartment.
For modeling drug transport across a cell in the presence of a transcellular drug concentration gradient (as may occur across an epithelial cell monolayer during the process of drug absorption; Figure 1B ), a second inner compartment (labeled "Basolateral lumen") was drawn inside the Cytoplasm compartment ( Figure 1D ). Accordingly, drug molecules in the Apical compartment diffused into Cytoplasm and from the Cytoplasm they diffused into the Basolateral compartment, following the typical transcellular transport pathway. A third intracellular compartment, "Lysosome" was sometimes included in the Cytoplasm. Basolateral and Lysosome compartments were separated from the Cytoplasm by the basolateral membrane and lysosomal membrane, respectively.
Specifying transport reaction kinetics and input variables in Physiology
Within the Physiology window, right-clicking on each membrane allowed users to access the specific Reaction diagram to describe the movement of the flux carrier, drug molecule "Bt", from one side of the membrane to the other (Figure 2A ). Connecting the two molecular species with lines between Outside and Cytoplasm created flux_OC (flux of Bt from Outside to Cytoplasm). To define the flux equation, General Flux Density was selected as the kinetic type ( Figure 2B ). After the Fick-Nernst-Plank equation was manually typed as the equation governing the flux across each membrane [13] , the program automatically created an input table for each parameter in this equation ( Figure 2B , lower right panel, Object Properties) with automatically matching units. This Object Properties window was readily accessible from the navigation panel on the left side of the BioModel window. For the simulations carried out in this study, the governing equation and parameter values were all based on published cellular pharmacokinetic models [13, 14] .
Defining chemical, physiological and morphological input parameter values
The next step, developing an Application, entailed defining the virtual microenvironment under which the transport simulations were run: 1) the membrane surface areas and the volumes of the compartments in Geometry; and, 2) the pH of the different compartments, initial and/or boundary conditions and the drug parameters, such as pKa and octanol/water partitioning coefficient (logKow). These values were entered in the Specification and Simulation windows. For the suspended cell model, we selected the compartmental geometry with defined surface area and volume of each membrane bound components. Briefly, for the generic cell model, we modeled the Cytosol as a 10×10×10 µm 3 
In addition, apical surface area was set to be 20× the basolateral surface area (which was set to 10×10 µm 2 ), to model the increase in apical surface area due to microvilli. All of these parameters were adjusted in the Simulation window, which was accessible in the navigation panel ( Figure 3 ). In this manner, we were able to create, copy, and modify simulations, while making necessary changes, and annotating them in the Object Properties tab shown in the lower panel. Furthermore, the Simulations function allowed users to scan multiple parameter values in one simulation. For example, the parameter scanning option allowed us to vary the electrical potential of mitochondrial membrane (Emm) for acid (c= -1) and base (c = +1), for molecules with different pKas, in order to calculate their combined effects on transport dynamics.
Viewing simulation results for a suspended cell
Virtual Cell users can create simulation models from a personal computer terminal and modify any modeling parameters and conditions using its graphical user interface. Accordingly, after the specific input parameters of the model were set, the mathematical description of the model was automatically generated by the software as a set of differential equations, which could be accessed using the MathModels menu tab. Once a calculation was submitted to the remote control server, the proper solver with computational capacity was automatically assigned to solve the equations according to the designated type. For example, compartmental deterministic, ordinary differential equation problems were solved with CVODE (variable order with variable time steps) solver. Solver and server capabilities are described in detail in the Virtual Cell webpage and associated References. After running a simulation, we were able to use Virtual Cell to graph the simulation results, for example, by plotting the concentration of the molecules in the different compartments vs. time ( Figure 4 ). For all Virtual Cell simulation results presented in this article, we confirmed that the results were the same as those previously published [13, 14] .
Privacy settings
All models were made private until we confirmed the results, after which they were made public (or otherwise accessible to specific Applications were defined based on Geometry and Simulations. The Simulation tab included individual parameter windows that could be changed from default values using the editing function. As an example, mitochondrial membrane potential (Emm), drug type (c=-1 for acid, c=1 for base, and c=0 for neutral), and ionization constants (pK a ) were scanned using combinations of multiple input parameter values. The Annotation and Simulation settings also showed the step sizes used in the calculations. Clicking on the green arrowhead at the upper right corner ran the simulation by submitting the equations generated by Virtual Cell to a remote solver. users). Access to the models can be set using the permission option under the BioModel window. Guests with permission were able to download the model, and the modified model could be saved in the guest's account.
Results and Discussion
To begin testing the software, we first ran a model of a generic cell in suspension, surrounded by a homogeneous extracellular concentration ( Figure 1A,C) . We simulated the transport behavior of monoacidic and monobasic molecules with a pKa of 5. When monobasic molecules were modeled ( Figure 5A ), more than 99% of these molecules were expected to be deprotonated and present in neutral form at physiological pH values (7.2 to 7.4). Therefore, the behavior of monobasic molecules with a pKa of 5 was expected to resemble the behavior of neutral molecules ( Figure 5B ), rapidly reaching steady-state. The distribution with the concentrations in various compartments reflects the model-specific membrane permeability of the molecules, which in the case of passively diffusing hydrophobic molecules, is a function of their octanol/water partition coefficients, logKow [13] . When monoacidic molecules with a pKa of 5 were modeled ( Figure 5C ), more than 99% of these molecules were expected to be deprotonated and negatively charged at physiological pH values. Because the majority of these molecules should be negatively charged (hydrophilic) and therefore membrane impermeant, the cellular uptake rates of acidic molecules appeared slower than that of neutral and monobasic molecules, as expected. Furthermore, because mitochondrial pH was set to 8.0 and cytosol pH was set to 7.5, acidic molecules with logKow = 2 accumulated to higher concentrations in mitochondria relative to the cytosol ( Figure  5C ).
Next, we used Virtual Cell to simulate the transcellular transport of a small molecule monovalent weak base (logKow = 1.88; pKa = 9.6) in the presence of an apical to basolateral, transcellular concentration gradient ( Figure 6 ). As initial conditions for transcellular transport and influx ( Figure 6A ), we simulated a cell in the presence of a 10 μM apical drug concentration (dosing compartment), with no drug in the basolateral side (receiver compartment). Simulation results were plotted for 10 seconds, to show the changes in the concentration of the molecule in extracellular lumen, as well as in intracellular compartments. Based on the plots, intracellular steady state was reached within a few seconds after exposure, and the basolateral concentration increased slowly as the diffusion of the drug was hindered by the apical and basolateral membranes, as observed in published simulations with the same model [14] .
Next, we set the intracellular concentration values in cytosol and mitochondria to 1000 μM, and extracellular concentrations to 0, in order to simulate drug efflux from cells, in a transcellular model ( Figure 6B ). The simulation results showed that there was a rapid decrease in cytosolic concentration, coupled to efflux from other intracellular organelles. In mitochondria, there was a temporary influx from cytosol; however, this influx trend soon reversed to efflux from mitochondria to cytosol, and subsequently from cytosol to apical and basolateral compartments. Since the apical membrane surface area was 20-fold greater than that of the basolateral membrane, the initial concentration changes were much greater in the apical compartment. In other words, greater surface area allowed more molecules to cross to apical side, closely reflecting cytosolic changes. As expected, drug concentrations in apical and basolateral compartments eventually reached similar steady state levels, at later time points during the simulation.
Lastly, we simulated the mitochondrial accumulation of lipophilic, monovalent weakly basic molecules, as a function of pKa of the molecules and mitochondrial membrane potential. To test this, we used a transcellular transport model with lysosomes, matching a previously published model [14] (BioModel: Baik & Rosania 2013 JPP -03 Transcellular model with lysosome). For a basic drug molecule with pKa of 5, we expected most of the molecules to be unprotonated (neutral) at physiological pH to make the transport kinetics insensitive to mitochondrial membrane potential (Emm) (Figure 7 , purple line).
In case of monobasic molecules with pKa = 7, we expected about 50% the molecules to be ionized and positively charged in the cytosol. Because the mitochondrial pH was set to 8 [13, 14] , the molecules within the mitochondria became uncharged and diffused back into the cytosol, resulting in no apparent mitochondrial accumulation ( Figure 7 , green line).In contrast, for weakly basic molecules with a pKa of 9, more than 90% of the molecules were protonated and became positively charged in cytosol and mitochondria. Therefore, these molecules experienced mitochondrial membrane potentialdependent translocation and accumulated inside mitochondria ( Figure 7, gold line) . As expected, a decrease in the mitochondrial membrane potential from -160 mV to -220 mV led to an increase in mitochondrial accumulation of the positively-charged, protonated weak bases [13, 14] .
To conclude, our results indicated that, beyond its original, intended application in systems biology research, Virtual Cell is useful as a computational platform to model the subcellular transport properties of exogenous pharmacological agents. For advancing systems pharmacology research, this is significant because it should now be possible to use Virtual Cell to integrate many existing systems biology and cellular pharmacokinetics models. Indeed, modeling the cellular transport properties of small molecule chemical agents has been an active area of pharmaceutical research during the past decade [4] , because cell permeability is a key factor determining the bioavailability and ADME properties of drug molecules [15, 16] . As a result, many computational modeling approaches have been developed to predict properties that capture some aspects of how small molecules distribute inside cells and how they are transported across cells. These approaches range from predicting the most basic physicochemical properties affecting drug transport, such as octanol/water partition coefficient (logKow) [17, 18] , dissociation constant (pK a ) [19] and drug in vitro dissolution profiles [20] to the most complex, systemic pharmacokinetic disposition and toxicity properties [1] [2] [3] 21 ,22].
Nevertheless, Virtual Cell can also function as an adaptable, open, user-friendly computational platform that is readily accessible to pharmaceutical scientists and experimental pharmacologists, without requiring advanced computer programming skills. For systems pharmacology, many systems biology models are already available through Virtual Cell. By incorporating cellular pharmacokinetic models such as those elaborated in the present study, it should now be possible to design experiments that test predictions of quantitative, mechanistic hypotheses integrating the effects of drug transport and distribution on drug-target interactions and their downstream effects on the spatiotemporal dynamics of biochemical signaling networks. After testing these hypotheses with pharmacological experiments, Virtual Cell models could be further refined and improved ( Figure  8 ). The ability to modify published models step-by-step and share these models through Virtual Cell should enhance scientists' ability to communicate research results and collaborate. Accordingly, Virtual Cell is ready to be deployed as a computational tool for systems pharmacology, to help advance this multidisciplinary research field.
